A global outbreak of a new strain of H1N1-2009 influenza virus, often referred to as "swine flu virus" is well-known for causing a huge number of deaths both in human and swine in recent years. The World Health Organization (WHO) reported about 15,174 deaths due to the pandemic influenza virus H1N1\[[@ref1]\]. A pathogenic swine viral of H1N1 subtype has been proven to cause an outbreak of respiratory disease in both human and swine. During 1918-1919, influenza was first described as a disease of swine\[[@ref2]\]. The first influenza virus was isolated from swine in 1930; the same was isolated from a human between 1974 and 2005\[[@ref3]\]. H1N1 virus results when a previous triple fusion of bird, pig, and human flu viruses further combines with a Eurasian pig flu virus\[[@ref4]\]. While the virus is a major pathogen to humans, it does not disproportionately infect adults older than 60 years, which is an unusual and characteristic feature\[[@ref5]\]. Similar to other influenza viruses, H1N1 is transmitted through respiratory droplets and not by eating pork or pork products. Similar to other influenza viruses, H1N1 also contains two surface antigens, namely hemagglutinin (HA) and neuraminidase (NA)\[[@ref6]\]. The major role of HA involves in the viral entry mechanism and immune recognition through two subunits namely HA1 containing the receptor binding domain and HA2 responsible for the fusion of the virion with the endosomal membrane in the host cell\[[@ref7]\]. Among the eight segments present in the genome of H1N1 virus, mutation is found to occur only at three segments. Maximum number of mutations occur at segments 1 and 4, coding for PB2 subunit of HA and comparatively less mutations occur at segment 6, coding for NA\[[@ref8]\]. Among 144 combinatorial possibilities from 16 subtypes of HA and 9 subtypes of NA, only H1N1, H2N2, and H3N2 are human adapted viruses\[[@ref9]\].

NA inhibitor antiviral drugs such as oseltamivir (Tamiflu) and zanamivir (Relenza) are widely used in allopathy to control this influenza virus\[[@ref10]\]. Recent researches also report that zanamivir is comparatively more effective in controlling the pathogenicity of this virus\[[@ref10][@ref11]\]. Yet both the drugs are notorious for their strong side effects. Other alternative medicine systems practiced in India do compete equally in preventing/curing swine flu. A popularly known oldest system of medicine in India namely *Siddha* prescribes "*Nilavembu kudineer*", the extract from the plant *Andrographis paniculata* against H1N1; the active ingredient is andrographolide\[[@ref12]\]. Another famous alternative medicine system widely practiced even in modern India is Homeopathy. Gelsemine, a homeopathic medicine can both prevent and cure swine flu according to the physicians who practice homeopathy\[[@ref13]\]. Ayurveda another ancient medicine system of India reports the best form of herbal remedies for swine flu. This corroborates with a natural product called eugenol from *Tulsi* (holy basil) for curing swine flu. Eugenol is an essential oil present in high concentration in *Tulsi*, which has both antiviral and antiinflammatory properties\[[@ref14]\]. Even certain vitamins like vitamin C\[[@ref15][@ref16]\] and vitamin E\[[@ref16]\] have been reported to be effective in controlling H1N1 virus.

Research on prevention and cure of swine flu still remains as an open challenge in the field of pharmacogenomics and bioinformatics. A comparative study on the effectiveness of the known drugs can identify the drug with maximum interaction with the receptor protein among the available drugs. Such knowledge is essential for the researchers to discover a potentially new drug for swine flu. The comparative study on the effectiveness of drugs with similar pharmacological actions is common among the researchers to find the most potent drug\[[@ref17][@ref18]\]. In our study, we compare the effectiveness of the available drugs in terms of binding energy and hydrogen bond formation between the proteins (HA and NA) and the known drugs/ligands using *in silico* techniques. We adopted the *in silico* techniques such as homology modeling to model HA and NA proteins and docking to find the most potent drug among the available drugs. The outcome of our research can give better understanding for the researchers aiming to discover a new drug compound with improved efficacy against swine-flu.

MATERIALS AND METHODS {#sec1-1}
=====================

Modeling: {#sec2-1}
---------

The amino acid sequences for NA and HA of swine influenza virus subtype H1N1 of A/Hong Kong/2369/2009 (H1N1) were retrieved from protein sequence database situated at NCBI (<http://www.ncbi.nlm.nih.gov/>). NA sequence consists of 469 amino acids with the molecular weight of about 51.6379 kDa, whereas HA consists of 566 amino acids with the molecular weight of 63.2395 kDa. These protein sequences have GenBank accession number; ACT10319.1 for NA and ACT10316.1 for HA. Templates for protein modeling were retrieved by running the PDB BLAST using the protein sequences.

Though the sequences of HA and NA were retrieved from NCBI database, their protein structural data from PDB database are unavailable. We therefore carried out a comparative modeling for the proteins to predict their 3D structure. We started with BLAST search against PDB in order to find suitable templates for modeling HA. The resulting templates were used for structure modeling using MODELER 9V2. The sequences of targets and templates structures have then been aligned and models were built. As the modeled structures contain few amino acids in the disallowed region of the Ramachandran plot, validation is required to minimize the energy and to move the amino acids into the allowed region. We carried out the loop refinement to bring the amino acid residues present originally in the disallowed region back into the allowed regions on the Ramachandran plot. Force field calculation was used to estimate the energy and stability of modeled structures. To make a stable structure, the energy was minimized in Steepest Descent followed by conjugate gradient method using the default parameters. Finally, we validated the modeled structures by submitting to Procheck-Protein Model Check. Ramachandran plot for the modeled structure is used to view the number of residues in the most favored region, additional allowed region, generously allowed region, and disallowed region. We repeated the same procedure to model the protein NA. Finally we used SPDBV, a freeware to minimize the energy of the modeled structures. The same tool can also be used for loop building, with which we can build the loop for the amino acids, so that it enters into the allowed region.

Ligand selection: {#sec2-2}
-----------------

Ligands for our study include two drug molecules from allopathy namely oseltamivir and zanamivir. A structurally similar drug molecule to zanamivir by name perindopril was also selected as a potential ligand. Small molecules from other alternate medicine systems, andrographolide from *Siddha*, gelsemine from Homeopathy, eugenol from Ayurveda, and two natural products namely vitamin C and vitamin E were selected as potential ligands. We generated the 2D and 3D structures of the proposed ligands using PubChem, a free online database for small molecules ([fig. 1](#F1){ref-type="fig"}). We then saved the structures in pdb format for further docking studies.

![Chemical structures of potential ligands.\
2D structure of selected ligands.](IJPhS-76-10-g001){#F1}

Lipinski rule of 5 screening: {#sec2-3}
-----------------------------

An essential screening methodology for the rational drug design is by Lipinski rule of 5\[[@ref19][@ref20][@ref21]\]. The rule states that poor absorption or permeation are more likely when a ligand molecule violates Lipinski rule of 5, that is, has more than five hydrogen bond donors, the molecular weight is over 500, the log P is over 5 and the sum of N and O is over 10\[[@ref22][@ref23]\]. This screening methodology was implemented to analyze the drug likeness of the proposed ligands as it influences the behavior of molecule in a living organism, including bioavailability, transport properties, affinity to proteins, reactivity, toxicity, metabolic stability, and many more. We screened the ligands against Lipinski rule of 5 using Molinspiration (<http://www.molinspiration.com/>) and their drug likeness was further confirmed using MarvinSketch (<http://www.chemaxon.com/marvin/sketch/index.jsp>).

ADMET/Bioactivity screening: {#sec2-4}
----------------------------

Many *in silico* technologies in drug discovery have increased the possibility of finding the new lead compounds at much shorter time period\[[@ref24]\]. However, unfavorable ADMET properties have been identified as a major cause of failure even for very promising drug candidate molecules\[[@ref24][@ref25]\]. Consequently, earlier prediction of ADMET properties through *in silico* methods can increase the success rate of candidate molecules prior to reaching development. We utilized an online server FAF-Drugs ([http://mobyle.rpbs.univ-paris-diderot.fr/cgi-bin/portal.py?form= admetox](http://mobyle.rpbs.univ-paris-diderot.fr/cgi-bin/portal)) for screening the ADMET properties of the proposed ligands. In addition to the drug likeness screening, Molinspiration implements a sophisticated Bayesian statistics technique to calculate the bioactivity, a number typically between -3 and +3. The bioactivity of the selected ligands toward GPCR ligands, ion channel modulators, kinase inhibitors, and nuclear receptors was calculated as a sum of activity contributions of the sub-structures of each individual ligands using Molinspiration.

Protein-ligland docking: {#sec2-5}
------------------------

Prior to docking, the two receptor proteins HA, NA and the potential ligands were optimized for proper geometry using AutoDock\[[@ref26][@ref27][@ref28]\], a suite of automated docking tool, which operates on Lamarckian genetic algorithm (LGA)\[[@ref29]\]. The grid parameter file for each protein was generated by fixing the number of grid points in *x*, *y*, and *z*-axes to 80×80×80, though the size was changed depending on the ligand size and the distance between two connecting grid points to 0.375 Å. The maximum number of energy evaluations before the termination of LGA run was 5 500 000 and the maximum number of generations of the LGA run before termination was 1000. Other docking parameters were set to the software\'s default values. After docking, the ligands were ranked according to their protein-ligand affinity. The accuracy of AutoDock 4.0 results were confirmed by considering clusters of 50 runs of conformations/orientations with the RMSD value of less than 2.0 Å in addition to the lowest binding free energy and hydrogen bonds between the macromolecule and the ligands. Further, the docked conformations were energetically and statistically validated.

RESULTS AND DISCUSSION {#sec1-2}
======================

BLAST was used to retrieve the structural templates from PDB to model the proteins HA and NA since their protein structures are unavailable. The templates identified were 1RUY for HA and 3BEQ for NA with e-values 2e^-170^, 0.0 and identity scores 57%, 82%, respectively. Models were built for the target proteins from the template structure using MODELLER 9V2, which was then followed by the energy minimization to find the stabilization energy of the predicted target structures. The result of RAMPAGE server confirmed the presence of more than 90% of amino acid residues of both HA and NA in favored and allowed regions of Ramachandran plot. The two models thus obtained were used for the docking study.

Lipinski rule is a rule of thumb to evaluate drug likeness, or determine if a chemical compound with a certain pharmacological or biological activity has properties that would make it a likely orally active drug in humans. The molecular weight, Log *P* value, number of donors and acceptors for each ligand were generated using Molinspiration. The output confirms that most of the ligands fall within the proposed limit confirming their drug likeness, except zanamivir and vitamin E ([Table 1](#T1){ref-type="table"}). Zanamivir exceeds the limit of hydrogen bond donor, 9 (must be \<=5) and hydrogen bond acceptor, 11 (must be \<=10) whereas vitamin E exceed Log *P* value 9.043 (must be \<=5). The output from MarvinSketch ([Table 1](#T1){ref-type="table"}) for all the ligands was found to be 1 except for zanamivir and vitamin E showing 0, which further confirms that both zanamivir and vitamin E fail to obey Lipinski rule of 5. Thus the drug likeness of zanamivir and vitamin E is not satisfactory and so both of them cannot be prescribed as a drug against H1N1. Cross verification of zanamivir with the FDA approved drugs further highlights that zanamivir has received a warning from the FDA\[[@ref30]\]. The prescreening of drugs for Lipinski rule of 5 predicted maximum number of hydrogen bond donors and acceptors in vitamin C with the lowest log *P* value when compared with other ligands obeying Lipinski rule of 5 ([Table 1](#T1){ref-type="table"}).

###### 

SCREENING OF LIGANDS FOR LIPINSKI RULE

![](IJPhS-76-10-g002)

FAF-Drugs, an online ADMET prediction server was used to perform the *in silico* analysis on the ADMET properties for all the potential ligands under study. Among the various parameters of ADMET in FAF-Drugs, 4 parameters of Lipinski rule also find a place. We thus sub-divided the ADMET parameters into two categories namely, parameters of Lipinski Rule of 5 and other ADMET parameters for easy analysis ([Table 2](#T2){ref-type="table"}). Failure of zanamivir and vitamin E is finally confirmed for the third time by the ADMET output generated by FAF-DRUGS. In addition to failure to obey 2 parameters of Lipinski rule, number of H-bond donors, 7 (0.0 to 6.0) and Log *P* value, -3.17 (0.0 to -2.0), zanamivir further fails in one of the ADMET parameters, polar surface area (PSA), 200.72 (0.0 to 150.0). Vitamin E also fails to obey ADMET property by exceeding the value of Log P, 9.95 (0.0 to -2.0) ([Table 2](#T2){ref-type="table"}). Prescreening of the selected ligands for Lipinski rule of 5 and ADMET properties clearly confirm the failure of both zanamivir and vitamin E to satisfy the drug-likeness properties. Thus zanamivir and vitamin E cannot be used or prescribed as drug to prevent/cure swine flu.

###### 

PRESCREENING OF LIGANDS FOR ADMET PROPERTIES

![](IJPhS-76-10-g003)

Bioactivity prediction using Molinspiration proves that most of the potential ligands of our study show higher bioactivity toward GPCR ligand, the highest value being 0.08 for gelsemine ([Table 3](#T3){ref-type="table"}). The highest bioactivity toward ion channel modulators was reported by both perindopril (0.12) and andrographolide (-0.52). Both zanamivir and vitamin E were omitted for bioactivity screening and further docking studies as these two drug molecules failed to pass Lipinski Rule of 5.

###### 

SUMMARY OF MOLECULAR INTERACTIONS OF HA AND NA WITH PRESCREENED LIGANDS

![](IJPhS-76-10-g004)

Molecular docking simulations of both proteins NA and HA individually with all prescreened potential ligands namely, oseltamivir, zanamivir, perindopril, andrographolide, gelsemine, eugenol, vitamin C, and vitamin E were conducted with the AutoDock 4.0. There were 50 runs of docking for each of the docking simulation. The accuracy of the AutoDock 4.0 results were confirmed by considering clusters of 50 runs of conformations/orientations with the RMSD value of less than 2.0 Å in addition to the lowest binding free energy and hydrogen bonds between macromolecules. Further, the docked conformations were energetically and statistically validated. Except gelsemine and vitamin E, all other ligands show docking interaction with both HA and NA. Even though docking simulations of HA and NA individually into gelsemine show very low binding energy, -8.57 and -8.29 kcal/mol, respectively, the lack of hydrogen bond formation provide evidence that the interaction is possible only at the surface level. The possibility of van der Waals' interactions at the surface level is higher than the stronger hydrogen bond formation. Such an interaction is more prone to environmental changes and can alter the drug action.

In addition to hydrogen bond formation, our *in silico* analysis showed hydrophobic interactions between the two target proteins and the potential ligands except for vitamin E ([Table 4](#T4){ref-type="table"}). While oseltamivir showed maximum number of hydrophobic interactions, that is, five bonds with HA and seven bonds with NA, vitamin C showed minimum number of hydrophobic interactions, that is, two bonds with HA and one bond with NA. We also observed that amino acid Arg is very commonly involved in hydrophobic interaction except for eugenol with NA interaction and gelsemine with both HA and NA interaction.

###### 

SUMMARY OF HYDROPHOBIC INTERACTIONS OF HA AND NA WITH PRESCREENED LIGANDS

![](IJPhS-76-10-g005)

Fifty runs of individual docking simulations of 5 ligands namely oseltamivir, perindopril, andrographolide, eugenol, and vitamin C with HA using the RMSD -- tolerance of 2.0 Å resulted in multiple, distinct conformational clusters. Analysis of the positions and orientations of the targets in the best docking models show the formation of 2 different hydrogen bonds, both for perindopril and eugenol, with lowest binding energy -6.13 and -4.77 kcal/mol, respectively. The docking simulation of oseltamivir with HA confirms the formation of three hydrogen atoms with lowest binding energy -3.58 kcal/mol. Interaction of andrographolide with HA is comparatively better than the above three ligands, which is confirmed by the formation of 5 hydrogen bonds with lowest binding energy -6.48 kcal/mol. Maximum number of hydrogen bond formation is observed in the docking complex of vitamin C with HA ([fig. 2](#F2){ref-type="fig"}). The \#1 ranked conformer from the cluster-1 of the complex was the favored structure and repeated 26 times out of 50 runs. Out of the six hydrogen bonds formed between vitamin C and HA, three of them run between the backbone oxygen atoms of ligand with ARG119, SER123 and ILE435 residues on HA. The remaining three hydrogen bonds extend from hydrogen atoms of vitamin C with ILE435, ASP434, and ILE434 residues on HA. The best-ranked binding energy of this complex was estimated to be -4.28 kcal/mol with cluster RMSD and reference RMSD 1.93 and 88.79, respectively ([Table 4](#T4){ref-type="table"}).

![Representation of docking interactions between vitamin C and hemagglutinin.\
Molecular interaction between vitamin C and hemagglutinin through hydrogen bonds.](IJPhS-76-10-g006){#F2}

A total of 50 docking runs with the RMSD-tolerance of 2.0 Å were carried out in the simulation of various prescreened ligands into NA. Oseltamivir, perindopril, and andrographolide interact with NA through the formation of three hydrogen bonds. The lowest binding energy among the three simulations has been reported by andrographolide -7.04 kcal/mol when compared with perindopril -6.84 kcal/mol and oseltamivir -5.33 kcal/mol. Eugenol is observed to interact through the formation of two hydrogen bonds with the lowest binding energy of -4.31 kcal/mol. However, docking simulation of zanamivir shows no interaction with NA ([Table 3](#T3){ref-type="table"}). This *in silico* observation further supports the warning of FDA for zanamivir\[[@ref30]\].

Docking simulation of vitamin C interacts into NA confirms the formation of maximum number of hydrogen bonds, six in total ([fig. 3](#F3){ref-type="fig"}). This is similar to vitamin C--HA simulation complex. Half of the total hydrogen bonds are formed between the backbone oxygen atoms of the ligand with ARG74 of three different chains of NA and the remaining three hydrogen atoms run between the ligand to ASP69 residue on two different chains and GLU37 of NA. Number of distinct conformational clusters reported is 7 out of 50 runs. The favored structure identified is the \#1 ranked conformer from the cluster-1 of the complex that repeats 23 times out of 50 runs. The best-ranked binding energy of this complex is estimated to be -4.56 kcal/mol ([Table 4](#T4){ref-type="table"}) with cluster RMSD and reference RMSD 0.34 and 15.28, respectively.

![Representation of docking interaction between vitamin C and neuraminidase.\
Molecular interaction between vitamin C and neuraminidase through hydrogen bonds.](IJPhS-76-10-g007){#F3}

The efficacy of a ligand can be explained in terms of the number of hydrogen bonds formed between the ligand and protein, as well as with the overall binding energy of the ligand to the receptor protein. The binding energy in the process is expressed as the reduction in free energy due to binding between the ligand and receptor protein. Therefore the efficacy of the ligand is directly related to the number of hydrogen bonds formation with the reduction in free energy for binding. The *in silico* analysis of the selected ligands with HA and NA confirms the formation of hydrogen bonds with reduction in binding energy by six ligands namely oseltamivir, zanamivir, perindopril, andrographolide, eugenol, and vitamin C ([Table 3](#T3){ref-type="table"}). Andrographolide shows the lowest binding energy of -6.48 kcal/mol toward HA and -7.04 kcal/mol toward NA with the formation of five and three hydrogen bonds, respectively. In contrast, vitamin C shows the maximum number of hydrogen bond formation (six for both HA and NA) with lower binding energy of -4.28 kcal/mol for HA binding and -4.56 kcal/mol for NA binding.

Vitamin C at sufficiently high doses, 30 000-200 000 mg is accepted by the physicians for its ability to cure many viral diseases such as common cold, flu, hepatitis, viral pneumonia, and even polio\[[@ref31][@ref32][@ref33]\]. However, the daily requirement of vitamin C differs among people (between 2000 and 20 000 mg) because of the differences in genetics and individual biochemistry\[[@ref34]\]. Interestingly Pauling\[[@ref35]\], and Hoffer and Saul\[[@ref36]\] have proven the importance of vitamin C for healthy life by consuming large doses of vitamin C and lived above 90 years of age. Hoffer successfully prescribed vitamin C as antiviral drug for thousands of patients for over 55 years of medical practice\[[@ref31][@ref32]\].

Several mechanisms for the antiviral action of vitamin C have been suggested so far\[[@ref37]\]. The antioxidant property of vitamin C enhances the defending mechanism of the body against microbes and viruses that propagate in stress conditions\[[@ref38]\]. The specific antiviral effect of vitamin C to inactivate DNA of viruses such as bacteriophage deltaA\[[@ref39]\], to suppress the replication of human immunodeficiency virus (HIV)\[[@ref40]\] and to cure the viral infection by herpes viruses and paramyxoviruses\[[@ref41]\] are some of the strong evidences for the antiviral action of vitamin C.

The *in silico* docking analysis of vitamin C with HA and NA shows strong drug--receptor binding through hydrogen bond formation and reduction in binding energy. The interaction is further confirmed by the hydrophobic interaction between vitamin C with HA and NA ([Table 4](#T4){ref-type="table"}).

In our study, most ligands passed through the prescreening phase on physio-chemical properties such as Lipinski rule, ADMET and bioavailability. Yet, zanamivir and vitamin E failed to satisfy a few drug likeness parameters and were not included for further docking simulation studies. Our docking results explain that the number of clusters with each prescreened ligands vary in the range from 6 to 24 for HA and from 2 to 10 for NA, indicating that the binding specificity for each ligand varies in both HA and NA. The hydrogen bond makes an important contribution to the interaction between the ligand and the protein. Lack of hydrogen bond formation for gelsemine toward both HA and NA confirms its lack of interaction with both proteins. Number of hydrogen bonds for both the proteins is the same for eugenol and oseltamivir. Interaction of HA with perindopril and eugenol happens through two hydrogen bonds each, whereas andrographolide reports five hydrogen bonds. Likewise, interaction of NA with oseltamivir, perindopril, and andrographolide are through three hydrogen bonds each and that of eugenol is through two hydrogen bonds. Vitamin C reports the maximum number of hydrogen bond formation with both HA and NA, that is, six bonds in each simulation. In this work, we identified that zanamivir, vitamin E, and gelsemine lack potency and efficacy to prevent/cure swine flu. Further, our *in silico* docking studies strongly recommend vitamin C to be more effective against H1N1 through (i) maximum number of hydrogen bonds formation, i.e. six for each protein HA and NA (ii) the low binding energy -4.28 and -4.56 kcal/mol for HA and NA, respectively.
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